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Principles of Cell Design 

with Ge, whereas alloying with C results in a higher band gap. These double or triple 
junctions extend the spectral sensitivity and, in addition, .mprove the stab.hty of the 
cells as compared to the single-junction case. 



Table nuiiuuciu ^mw. 






GalnP/GaAs, 
GalnP/GaAs/Ge 
AlGaAs/GaAs 
a-Si/a-SiGe/a-SiGe* 

Micromorph ** 


30.3 (AM1.5) 
25.7 (AMO) 
27.6 (AM1.5) 
13 (AM1.5) 
12 (AM1.5) 


Takamoto, 1997 
Bertness, 1994 
Chung, 1990 
Yang, 1997 
Shah^a/., 1997 
> n ri « cmnll-ffrain oolvcrYstalline Si 



bottom cell grown by very high-frequency glow discharge. 

3.2.3 Metal-semiconductor and metal-insulator-semiconductor junctions 

The two previous sections considered junctions between two semiconductors. In 
principle, a metal-semiconductor junction (Schottky diode) with rectifying propert.es 
would also be suitable for the construction of a solar cell. When the opucal 
transparency of the thin metal layer is sufficient, the photons, penetrat.ng .nto d>e 
semiconductor, generate electron-hole pairs, which are separated by the field tn the 
depletion layer at the metal-semiconductor surface (see F.g. 3.4). 



Metal 



Semiconductor 




Figure 3 4 Band-gap diagram for a typical Schottky junction, realised on an n-type semiconductor. 
Under iUumination, the holes are collected by the field in the depletion layer near the metal-semiconductor 



junction. 
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Although at first sight attractive from the point of view of ease of production, this 
approach suffers from limitations caused by the high dark currents flowing in such 
structures as compared to the heterojunction approach discussed above. These high 
dark currents are composed of majority carriers which flow by thermionic emission 
over the barrier <p D (see Fig. 3.4) as given by 



i 0 =A 7 2 exp 



kT 




(3.2) 



where A" is the Richardson constant and V is the forward bias over the metal- 
semiconductor junction. In addition, the barrier height is reduced by image effects that 
are a function of the doping level. Even when assuming 100% light transmission 
through the metal, the predicted efficiency of solar cells based on metal- 
semiconductor junctions will be below 10% (see e.g. Hovel, 1975). A relatively new 
approach to overcome this limitation consists in using the absorption in the thin metal 
layer to excite 'hot carriers' over the barrier. Schmidt (1994) predicted that this could 
enhance the efficiency by 10%, but no experimental confirmation of this approach has 
yet been reported. From the technological point of view, it is not straightforward to 
realise metal-semiconductor junctions with reproducible barrier heights, because 
these are strongly influenced by interfacial contamination and crystal orientation. 
However, the interpolation of an interfacial oxide between the metal and semi- 
conductor can be used advantageously to increase the barrier height and thereby 




(a) (b) 
Figure 3.5 (a) Band-gap diagram for a cell with an MIS contact under equilibrium conditions; 
(b) Schematic cross-section of an MIS-IL Si cell. 
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decrease the dark current. When this approach is used, the thickness (2-4 nm) of the 
oxide is chosen so that the minority carriers can tunnel through the oxide (see the 
band-gap scheme of Fig. 3.5a). Such a device is called a metal-insulator- 
semiconductor (MIS) solar cell. 

Much effort has gone into the development of Si MIS-technology. The most 
popular design is the MIS-inversion layer (IL) cell (see Fig. 3.5b). This cell 
configuration is realised by depositing a nitride layer, containing a large fixed positive 
charge, on a p-type Si-substrate. This induces an /i-type inversion-type emitter, which 
is contacted through an MIS contact. An alternative is the MIS-contacted n*-p Si solar 
cell. The ongoing research to optimise the latter MIS-approach has resulted in cell 
efficiencies above 20% (see Metz, 1997) and efficiencies as high as 23% are predicted 
(Kuhlmann, 1997) for a MIS-inversion layer cell. 



3.3 Optical design of cells 

This section on optical cell design is divided into two parts. Section 3.3.1 deals with 
the design of the front and back surfaces to ensure that the light is efficiently coupled 
into the cell body. Different light-trapping schemes and their practical implementation 
are reviewed. Section 3.3.2 deals with the properties of anti-reflective coatings. 

The optical optimisation of cell surfaces divides into two questions: how can light 
be coupled efficiently into the cell and how can it be kept in the cell once it has 
entered the cell to ensure maximal absorptance? The first question basically addresses 
the reduction of the primary reflectance of the front surface whereas the second is 
related to the development of light-trapping schemes. The second item will be dealt 
with first because the light-trapping schemes discussed also affect the front-surface 
reflectance and are of primary importance for the cell's open-circuit voltage because 
they allow reduction of the necessary thickness of the cell, and thereby the volume for 
bulk recombination (see eq. 3.1a). 

Module design also influences optical design. Low-concentration approaches (e.g. 
prismatic covers) and bifacial cells are additional means to improve optical absorpt- 
ance, but these will be omitted from the subsequent discussion. 

3.3. 1 Light trapping 

Light trapping has been extensively studied in the context of Si solar cells. The 
indirect band gap of Si results in an absorption coefficient that is lower than 10 cm" 
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given by an expression identical to Eq. 26, except that (! - R) is replaced 
by T(A), and a(x, + W) by aW. If the back contact is ohmic and the device 
thickness is much greater than the diffusion length H'*>L„, the photocur- 
rent from the base region is simplified to 



J. = qT(A)F(A)[aU(oL, + 1)} exp(-a W). 



(42) 



The total photocurrent is given by the sum of Eqs. 41 and 42. To increase 
the photocurrent, one should increase the transmission coefficient T and 
diffusion length L„. The spectral response for an ideal Schottky barrier is 
similar to those shown in Fig. 1 1 b f or S„ < 10 4 cm/s. The magnitude at each 
photon energy is lowered by reflection and absorption of light in the metal 
film. The transmission coefficient for gold films (10 to 100 A) with an 
antireflection coating can reach 90 to 95%. 

The /-V characteristics of a Schottky barrier under illumination is given 
by 

/ I) - /t (43) 

and 

J, = A A** T 1 exp( - q^kT) (44) 
where n is the ideality factor, A the area. A** -the effective Richardson 
constant (refer to Chapter 5), and qfo the barrier height. The conversion 
efficiency is given by Eq. 11. For a given semiconductor, the efficiency can 
be calculated from Eqs. 11, 42, and 43 as a function of the barrier height. 
Figure 27 shows the ideal efficiency assuming zero reflection, unity ideality 
factor (n = 1), and no resistance losses." The efficiency increases with 
barrier height and, taking q<Mmax) = E t as the limiting case, the maximum 
efficiency is about 25%. This figure is comparable to that of a homo- 
junction. 

To achieve high barrier heights on semiconductors, one usually uses 
metals with high work functions for n-type and low work functions for 
p-type, for example, 50 A copper/50 A chromium (Cr) on p-type Si, where 
chromium forms the Schottky barrier and copper serves as a protective 
coating. 53 For most metal-semiconductor systems made on uniformly doped . 
substrates, the maximum barrier height is about ]E r However, the barrier 
height can be increased to near the bandgap energy by inserting a heavily 
doped, thin semiconductor layer (100 A with opposite doping to the substrate) 
between the metal and semiconductor substrate. The energy diagram for a 
metal-p + -n Schottky barrier is shown 54 in the insert in Fig. 28. The effective 
barrier height is given by 

q4> B = q4> m -qx + qV pm (45) 
where q<f> m is the metal work function, x the semiconductor electron 
afilnity, and V pm is the potential maximum given by 



(46) 
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The system described above is derived assuming N A W P > N D W n , so that 
the thin p region remains fuUy ionized and the potential maximum exists 
inside the p region. A complementary metal-n + -p device can be made by 
interchanging n with p. The calculated GaAs barrier height for Nj> - 
7o»cm- J is shown in Fig. 28 as a function of N A and W,. Note that when 
N A W 0 a 2 xlO lJ cm" 2 , the barrier height approaches the GaAs bandgap. 
The heavily doped surface layer can be formed by ion implantation and 
molecular-beam epitaxy. Another method is by a simple metallurgical 
reaction. The Schottky-barrier height of Al-n-type Si contact increases 
from 0.68 eV to about 0.9 eV under heat treatment (<580 C). A thin 
recrystalized p + layer (-100 A) containing a 10" era" aluminum ac- 
ceptors is formed; 53 and the band diagram is that shown in Fig. 28 

In an MIS solar cell, a thin insulating layer is formed between the metal 
and semiconductor substrate. The advantages of MIS solar cells include an 
electric field extending to the semiconductor surface in a direction that aids 
in collecting minority carriers generated by short-wavelength light, and the 
fact that the active region of the cells is free of ^ 
crystal damage inherent in diffused p-n junction cells. The saturation 
current density is similar to that for Schottky barrier with an additional 
tunneling term (refer to Chapter 9): 

j t = A**T l exp(-q^/kT)exp[-(q^r) ,,J S] (47) 

where q<h in eV is the average barrier height presented by the insulating layer 
and 5 in A is the insulator thickness. Substitution of V = V* and J - 0 in Eq. 
43 yield, 

v.-¥[K^t»)+» + <*H- (48) 

Equation 48 shows that V« of an MIS solar cell will increase with 
increasing 8. However, as the insulator thickness 6 increases, the short- 
circuit current will decrease, causing a degradation of the conversion 
efficiency. An optimum oxide thickness for a metal-SiO^Si system is 
found* to be about 20 A. 

The aforementioned MIS solar cell has a uniform ultrathin «*tji toyw 
covering the entire surface. A novel approach uses a thick metal MIS grid 
Pattern with the semiconductor between the grid fingers covered by a 
parent dielectric layer, shown" in Fig. 29. The 1000-A SiO, serves a 
the transparent dielectric layer and as an antireflection coating. This 
structure is different from the ITO-Si hetero junction, since SiO, is ^ non- 
conducting, and all currents flow through the tunneling MIS grid fingers- If 
positive fixed charges are in the oxide, an inversion layer will be formed at 
die semiconductor surface in addition to the surface depletion layer. The 
tunneling MIS grid with 20- to 30-A SiO: will collect the photogenera ed 
minority carrierT (electrons for p-type substrate) from both the mverswn 
and depletion layers. The inversion layer can also screen the surface 
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Fl 9 . 29 Cross section ol a solar call having an MIS 9 rid patt.rn. (AH.. Van Halan .1 al.. 
Ref. 37.) 



recombination centers. At AM!, efficiencies o up to 18% have been 
obtained"" Since the oxide can be formed at low temperatures and no 
diffusion process is involved, this structure fabneated on polycry talhne o 
amorphous substrates is expected to provide a cost-effecuve soluuon for 
terrestrial applications. 

14.4.3 Thin-Film Solar Cells 

In thin-film solar cells, the active semiconductor layers are poly- 
crystalline or disordered films that have been depended or formed Ion 
e ectrically active or passive substrates, such as glass, plasty ceramic, 
meSphtte, or metallurgical silicon. A thin film of CdS, Si, GaAs InP 
CdTe Sid so on, can be deposited onto the substrate by various methods, 
sucl as vapor ^wm, evaporation plasma, and plating. If me semiconduc- 
or Uutkness if larger than the inverse of the absorption coefficient mort 
1, ? 1 will be absorbed; if the diffusion length is larger than the film 
thickness, most photogenerated carriers can be collected. 

The main advantage of thin-film solar cells is their promise of low cost, 
duI ,o7oTc^st^essmg, and the use of relative. y low cost mate nah. 
The main disadvantages are low efficiency and long-term msubibty. The 
low efficiency is partly caused by the grain boundary effect and party 
caused by the poor quality of the semiconductor matenal grown on fore gn 
2£ Th.'stabOity problem is caused by the chemical react™ o the 
semiconductor with ambient (such as O, and water vapor). Steps must be 
taken to ensure device reliability. 

A schematic thin-film CdS solar cell is shown" in Fig. ^ The cells are 
fabricated using a substrate of electro-formed copper, coated with 0.5 ^m 
of zinc A layer of CdS about 20 M m thick is evaporated onto the heated 
substrate at 220»C. Reacting the CdS film in a cuprous ion solution . forms a 
Cu : S layer of 1000 A. A transparent grid contact is deposrted onto the Cu,S 
IS an antireflecUon layer appUed over the C«* Figure 31 shows the 
Energy diagram of the Cu,S-CdS cell." It is basically a heterojuncoon with 



